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As the world continues to move further away from our reliance on fossil fuels, hybrid
vehicles are becoming ever more popular. Braking is a system on both hybrid and normal
vehicles that involves a significant amount of power and energy. A hybrid can recapture
some of that energy using regenerative braking. In this thesis, a method is devised to
blend hydraulic and regenerative braking in the most effective manner. A MATLAB
Simulink model was built to simulate a parallel-series plug-in hybrid electric vehicle. The
model allows for the implementation of a regenerative brake controller that utilizes
floating pedal regen, custom shift logic, and brake pedal blended regen. The floating
pedal controller activates regenerative braking when the driver releases the accelerator
pedal. This is done by remapping the pedal based on vehicle speed, gear position, and
wheel torques. The custom shift logic utilizes the motor rpm and efficiencies curves to
determine when to shift the transmission. The brake pedal regen is added to the hydraulic
braking based on brake pedal position. This regenerative brake controller can recharge
the battery by 2% SOC during one deceleration event from 130 kph to 20 kph, while
maintaining a comfortable deceleration rate less than 3m/sec^2.
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Chapter I

Introduction
Significance of the Study
Most of world’s automotive manufacturers are expanding their research and
development of hybrid and electric vehicles to decrease emissions. Along with this
increase in production, there has been an ever increasing demand for hybrid and electric
vehicles.

Figure 1: Manufacturers and total sales of electric vehicles [1]

The increase in production and demand for hybrid and electric vehicles to the
development several different vehicle configurations and control strategies. This
particular paper concentrates on a parallel-series plug-in hybrid electric vehicle with an
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automatic transmission and integration of regenerative braking. In order to get the most
from the regenerative braking, it is ideal to keep the motors in their most efficient region.

Figure 2: Efficiency plot of electric motors [2]

An automatic transmission is very beneficial in completing the task of maintaining a high
efficiency in the motors because a custom shift logic can be generated to shift the
transmission based on the rpm of the motors. This custom shift logic is integrated in with
floating pedal regenerative braking, which gives the driver the ability to drive the vehicle
with one foot.

Statement of the Problem
During braking a hybrid vehicle would like to recover some energy through
regenerative braking, however, integrating the regenerative braking with mechanical
braking and an automatic transmission is no trivial task. A floating pedal regenerative
brake controller must be designed to work with a custom a shift schedule to keep the
motors in there most efficient range during regen. Regenerative braking must be added
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to braking without making the deceleration too aggressive, but recover as much energy as
possible.

Purpose Statement
The purpose of this study was to develop a regenerative brake controller that
system for a parallel-series plug-in hybrid electric vehicle with an automatic
transmission. This was done by creating a floating pedal controller, custom shift logic,
and brake pedal blended regenerative braking. The floating pedal utilizes vehicle speed,
gear position, and wheel torque to adjust the amount of regen. The custom shift logic
utilizes motor rpm and efficiency curves to determine when to shift the transmission. The
brake pedal regen correlates brake pedal position to a regen torque and adds it to the
hydraulic braking. All of this creates a regenerative brake controller for a parallel-series
hybrid vehicle.

Vehicle Architecture
The architecture design used in this study was designed around the rules and
regulations of EcoCAR 3 competition. This is a four-year competition is sponsored by the
U.S. Department of Energy, General Motors, and Argonne National Labs. EcoCAR 3
challenges sixteen universities to design a hybrid version of the 2016 Chevrolet Camaro
that is as efficient as possible and still has the performance characteristics of a Camaro.
This competition provides a great test bed for various hybrid vehicle controllers. Figure 3
shows the powertrain layout of Embry-Riddle’s Camaro.
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Figure 3: Vehicle architecture for Embry-Riddle ESS Chevrolet Camaro

Embry-Riddle’s ESS Camaro utilizes a 2.4 E85 Ecotec from General Motors,
coupled to two Bosch Integrated Motor Generators (IMG) by way of two hydraulically
actuated clutches. The engine and motors are coupled to an 8l90 8-speed General Motors
transmission, which transfers the torque to the wheels. The system is powered by an 18.9
kWh A123 battery pack. The clutches in the powertrain design allow the vehicle to
operate as a series or parallel hybrid. If the clutch between the two motors is open the car
will be in series mode, so the engine will act as a generator and the car will drive all
electric on the other motor. If all the clutches are closed the vehicle is in parallel mode,
which means all the components are sending torque to the wheels. This type of
powertrain layout allows for a lot of manipulation during regenerative braking by way of
dual motors, clutches and a transmission. Figure 4 shows the power flow in series and
parallel mode.
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Figure 4: The left side of the figure shows the series mode configuration and the right shows the parallel mode
configuration

Thesis Statement
A hybrid muscle car with a multi-speed transmission requires regen strategies of a
floating-zero pedal, custom shift logic, and hydraulic brake fusion to effectively recover
energy during deceleration in Eco and Performance modes.
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Chapter II

Review of the Relevant Literature
Regenerative Braking
One of the main causes of energy losses in a vehicle is braking. A more efficient
way of braking can be used in PHEV’s known as regenerative braking. Regenerative
braking utilizes the motors to slow the vehicle, while recovering energy from the braking
process to recharge the battery. This particular article uses a multi-lookup table approach
to determining the amount regen to use under certain braking conditions. The tables use
vehicle velocity and deceleration conditions to determine a coefficient to multiply the
total braking force by to get front and rear braking. The front, rear, and total braking can
be used to calculate the regen braking used in that particular condition. [3]
The essence of this literature is to develop a regen controller based on the
maximum regenerative energy recovery. The controller is mainly based off a graph that
graphs braking force distribution between front wheels and rear wheels, including
electronic and mechanical braking. The graph also has lines for coefficient of friction,
braking deceleration rate, mechanical braking curve, and ECE regulation curve. This
graph then enables the controller to figure out how much regen braking is possible at that
decal rate, so the maximum amount of energy is recovered. [4]
When working with a vehicle that has regenerative braking on the rear, stability
of the vehicle during braking and cornering must be taken into consideration. This
literature takes a look at creating a regenerative brake controller based on the stability
characteristics of the vehicle. The controller takes a look at the yaw rate of the vehicle to
determine the amount of regenerative braking to add or subtract from the braking or
cornering maneuver. The controller works off a simplified car model and does a
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relatively good job at controlling yaw stability, but doesn’t use wheel lock as part of the
controller. Wheel lock could take care of by letting ABS take over and not regening in
ABS condition. Overall the literature is very informative on stability based regenerative
brake controller. [5]
Just like in a rear-wheel drive car with regen, I front-wheel drive car with regen
can have stability issues. If too much regenerative braking is applied the car may
experience an understeer situation during cornering. This particular paper creates a
regenerative brake controller based off the stability of the vehicle. The controller uses the
car sensors for yaw rate and side slip angle and then uses the data to figure out an optimal
brake torque distribution between the all the wheels and regenerative braking. Several of
the same methods used in this controller can be applied to a rear-wheel drive hybrid. [6]
Effectively combining regenerative braking and mechanical braking has been an
issue with hybrid vehicles. A plan proposed by this paper is to read in the slip ratios for
the individual wheels and control the brake torque at each wheel. The controller also
looks at the SOC, temperature of the battery pack, and the available regenerative brake
torque. All of these values are sent through a fuzzy logic controller that can determine
how much brake torque to apply to each wheel and how much of the brake torque can be
regenerative braking. This method was tested on a custom car and the results show that
controller works well. This particular method is the ideal situation for regenerative
braking if you can control the amount of mechanical brake applied. [7]
This particular paper uses more of a mechanical method to integrate regenerative
braking into the hybrid vehicle. To get the most regenerative braking, the mechanical
braking needs to be varied as regenerative braking varies. A mechanical device was
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created to decrease the front brake pressure when regenerative braking is activated. This
is one most effective ways to implement regenerative braking because you can maintain
the same braking torque and bias while recovering the maximum amount energy at that
given time. The controller for this design takes wheel slip, battery temp, and SOC into
consideration when determining the amount of regenerative braking that can be coupled
to mechanical braking. This modified master cylinder design seems to be the future of
regenerative braking. [8]
Another method for regenerative braking utilizes an electronic wedge brake and 6
speed automatic transmission. The electronic wedge braking allows for easy fusion of
regenerative braking into the front braking. The wedge brake can be decreased and
replaced with regen braking to maintain the same braking torque. The automatic
transmission is also taken into consideration during regen. The transmission downshifts
based on brake pedal stroke and vehicle speed during regen, which is very similar to the
conventional method for automatic transmissions. The electronic wedge brake system
helps with regen brake fusion and may be a possibility to add to a hybrid vehicle. [9]
Another mechanical solution for regenerative braking utilizes the brake hydraulic
brake booster. The design for the system is based on varying the boost force generated in
the brake booster independently of the driver braking force. This is done by an actuator
on the vacuum line to the brake booster and controlling the pressure in the brake booster.
The pressure in the brake booster correlates directly to the boost force on brake system.
Regenerative braking can be blended in more effectively if boost force is decreased and
replaced with more regen. This is a descent approach to blended regenerative braking.
[10]
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Instead of making mechanical changes to the vehicle to integrate regenerative
braking, a custom controller for the ABS module could be utilized. The ABS module
allows the control of the high-speed switch valves that pulse the brakes during an ABS
braking situation. The switch valves can be used to vary the amount of hydraulic braking
used during a deceleration event. This allows for hydraulic braking to be decreased and
replaced with regenerative braking to maintain the same braking torque. The will intern
increase the energy recovered from a deceleration event. This would be an excellent way
to fuse the hydraulic and regen braking. [11]
Instead of making mechanical changes to the vehicle to integrate regenerative
braking, a custom controller for the ABS module could be utilized. The ABS module
allows the control of the high-speed switch valves that pulse the brakes during an ABS
braking situation. The switch valves can be used to vary the amount of hydraulic braking
used during a deceleration event. This allows for hydraulic braking to be decreased and
replaced with regenerative braking to maintain the same braking torque. The will intern
increase the energy recovered from a deceleration event. This would be an excellent way
to fuse the hydraulic and regen braking. [12]
Regenerative braking can also be controlled by the throttle pedal. Regenerative
braking will occur when the driver releases the accelerator pedal, which is very similar to
engine braking in a standard automobile. This form of regen is very efficient for city
driving, since there is a lot of starting and stopping. The release of the accelerator pedal
will slow the vehicle to low speed and only minimal braking will be required, so max
energy will be recovered. This can be done by attaching a switch to the accelerator pedal
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that will trigger regenerative braking when the accelerator pedal is released. This form of
regenerative braking is very promising is the hybrid world. [13]
This particular method takes a very different approach to regenerative braking in
electric vehicles. This method utilizes a hydraulic pump attached to the drive shaft and an
accumulator. The inertia of vehicle during a deceleration event drives the hydraulic pump
and stores the braking energy in a hydraulic accumulator. The stored energy can then be
released and sent to a hydraulic motor that will drive the car to a certain speed where the
electric motors will take over. This is a very interesting concept that could be applied to a
variety of hybrid vehicles. [14]
In regenerative braking the motor acts as a generator and it sends energy into the
battery pack. The controller for regen monitors wheels speed, SOC, and charge buffer to
calculate the braking torque required and possible during the given conditions. This
system increases vehicle efficiency, reduces wear, decreases fuel consumption, and
creates a more efficient means of braking. [15]
Regenerative braking can only be applied to the driven axle, which could cause
instability in the vehicle during regen. Several different control strategies can be designed
to utilize vehicle parameters to control regenerative braking. One strategy is to look at the
wheel slip of the driven and compare it to the wheel slip of the non-driven wheels. The
regenerative brake controller looks at the difference in the wheel slip and determines
amount of regen to apply to the wheels. Another controller design could utilize the tire
forces based off the normal forces on wheels and an assumed coefficient of friction. This
is compared to the tire forces in the lateral and longitudinal direction to determine the slip
force and the amount of regen to apply. The final method is to look at the yaw rate of the
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vehicle and compare it to a reference yaw rate in vehicle state estimator. These yaw rates
can then be used to dictate the regen. Each controller could be a possible solution to the
instability caused by regenerative braking. [16]
The ability to diagnosis faults in regenerative braking process is extremely
important in efficiency and vehicle stability. A fault diagnostic software looks at
hardware, software, and communication faults during regenerative braking. This method
then uses the data-driven method to detect and isolate the faults. Analysis of faults can be
done to ensure that these problems don’t occur again. [17]
The ability to recover kinetic energy is one of the main advantages of hybrid
vehicles. During city driving more than half the energy can be dissipated to the brakes,
which means there is a significant amount of energy that can be recovered. Regenerative
braking can increase the efficiency and driving range of a hybrid vehicle. Various braking
strategies can be implemented on a hybrid vehicle to improve the energy recovered
during regenerative braking. [18]
Simulation of a regenerative brake controller is key before the actual
implementation on a vehicle. This is done via hardware in the loop testing, which
simulates the actual vehicle components. This particular regen controller is a for a
parallel hybrid with a continuous variable transmission. The regenerative algorithm takes
into consideration the battery state of charge, vehicle velocity, and motor capacity. The
hydraulic system of car is varied by a reducing valve based of the regen controller. Also a
stroke simulator is used to maintain the proper pedal fell when hydraulic braking is
decreased and replaced with regen. Simulation results show that his regenerative brake
algorithm provides sufficient braking and increased efficiency. [19]
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Ideally a control strategy should seamlessly fuse hydraulic and regenerative
braking to achieve the most efficient and best brake performance. A new cooperative
braking strategy utilizes a brake torque distribution to better fuse the two braking
systems. A sliding mode controller is used on the ABS system to adjust the hydraulic
braking torque to maintain a certain wheel slip. A fuzzy logic controller adjust the
regenerative braking system based on wheel slip, SOC, and motor speed. This system
was simulated using Simulink and results show effective braking performance and
increased efficiency. [20]
Not all hybrids are single speed gearboxes, so a control strategy must be
developed to determine when to shift the transmission to get the most out of regenerative
braking. A hierarchical approach is taken to both control the regen down shift and the
brake blending. The upper controller looks at efficiency curves of the motor to determine
the optimal time to downshift to increase the efficiency of regenerative braking operation.
The medium controller uses sliding mode control to obtain the hydraulic brake torque.
The lower controller is the fusion of the regen and hydraulic braking for effective braking
and increased efficiency. [21]
Creating the most efficient vehicle is continually sought after when implementing
regenerative braking, but vehicle stability is something that must be maintained with the
added braking. Stability parameters of vehicle must be looked at and used to control the
regenerative braking. One method is to use a phase-plane method to calculate optimal
ABS braking. Then the targeted brake torque is divided into regen and friction braking,
which creates a smooth fusion of braking. [22]
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Transmissions in hybrid electric vehicles add some more complexity to the
control algorithm, but can increase the efficiency during regenerative braking. A control
algorithm for regen must consider the re-acceleration performance and the driving
comfort. A proper regen controller must be developed to shift at optimal points for not
only efficiency, but also drive comfort. A very high deceleration may create the most
efficient deceleration, but may feel terrible to the driver. A deceleration rate of
approximately 3 m/s^2 is considered to be the max for comfortable deceleration.
Simulation of the regenerative brake controller allows for tuning to maintain this
deceleration rate. [23]
Many hybrids and electric vehicles are utilizing regenerative braking, so some
studies have been done to prove the efficiency gains of the regen system. For this
particular case study, a pure electric front-wheel drive car is used and drive cycle tested
on a dyno. The study showed 11 percent gain in efficiency and a 13 percent gain in
driving range. These are significant gains for regenerative braking. [24]
Several different strategies can be taken when designing a controller for
regenerative braking. Three common strategies are the maximum-regenerationefficiency, good-pedal-feel, and the coordination strategy. ECE drive cycles were used as
a comparison for the control strategies. The maximum-regen strategy recovered a lot of
energy, but caused problems with brake comfort and safety. The good-pedal strategy
reduced energy recovery, but improved brake comfort. The coordination strategy
increased regenerative brake efficiency. Overall regenerative braking improved fuel
economy by 25% during these drive cycles. [25]
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With the increase in hybrid vehicles, new regenerative brake control strategies are
being developed. A modified control strategy is compared to a baseline regenerative
brake controller by running a simulated ECE drive cycle. The modified reaches an
efficiency 15 percent higher than the baseline and enhanced the fuel economy by an
additional 3 percent. The modified strategy will soon be implemented on new vehicles in
China. [26]

Vehicle Dynamics
Modeling of a tire and tire forces is not a trivial task, but a set of mathematical
formulas have been developed to create a linear tire model. These formulas allow for the
calculation of longitudinal, lateral and camber slip conditions to be calculated. The
coefficients in these equations can be changed to best represent your vehicles tires. This
tire model is very critical in creating a proper vehicle dynamics model. [27]
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Chapter III

Methodology
The first step in solving the problem with regenerative braking is developing a
Mathworks Simulink model of the vehicle. A model of the vehicle enables a controller
for regenerative braking to be created and tested in various situations before it is
implemented on the actual vehicle.

Vehicle Body Model
The model is a seven degree of freedom model that makes up for some vehicle
properties that the bicycle model doesn’t take into consideration, such as lateral weight
transfer and left/right braking forces.

Figure 5: Diagram of the vehicle forces [3]

The first subsystem of the model is an axle subsystem that calculates individual
wheel angular velocities. The model block uses the axle torque, tractive forces and brake
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pressure to determine the as inputs from the car to calculate angular velocities of each
wheel. Figure 6 shows the axle subsystem block in the model.

Figure 6: Rotational subsystem of vehicle dynamics model

𝛺=∫

𝜏𝑡𝑟𝑎𝑐𝑡𝑖𝑣𝑒 − (𝐹𝑥 𝑟𝑑𝑦𝑚 ) − 𝐹𝑟𝑜𝑎𝑑 𝑙𝑜𝑎𝑑 − 𝜏𝑏𝑟𝑎𝑘𝑒
𝑟𝑜𝑡𝑎𝑡𝑖𝑜𝑛𝑎𝑙 𝑖𝑛𝑒𝑟𝑡𝑖𝑎

Where:
𝜏𝑡𝑟𝑎𝑐𝑡𝑖𝑣𝑒 = 𝑡𝑜𝑟𝑞𝑢𝑒 𝑓𝑟𝑜𝑚 𝑝𝑜𝑤𝑒𝑟𝑡𝑟𝑎𝑖𝑛
𝜏𝑏𝑟𝑎𝑘𝑒 = 𝑡𝑜𝑟𝑞𝑢𝑒 𝑓𝑜𝑟𝑚 𝑏𝑟𝑎𝑘𝑒𝑠
𝐹𝑥 = 𝑙𝑜𝑛𝑔𝑖𝑡𝑢𝑑𝑖𝑛𝑎𝑙 𝑓𝑜𝑟𝑐𝑒 𝑓𝑟𝑜𝑚 𝑝𝑎𝑐𝑒𝑗𝑘𝑎 𝑡𝑖𝑟𝑒 𝑚𝑜𝑑𝑒𝑙
𝐹𝑟𝑜𝑎𝑑 𝑙𝑜𝑎𝑑 = 𝑎𝑒𝑟𝑜𝑑𝑦𝑛𝑎𝑚𝑖𝑐 𝑟𝑜𝑎𝑑 𝑙𝑜𝑎𝑑
𝑟𝑑𝑦𝑛 = 𝑑𝑦𝑛𝑎𝑚𝑖𝑐 𝑟𝑜𝑙𝑙𝑜𝑖𝑛𝑔 𝑟𝑎𝑑𝑖𝑢𝑠
The aerodynamic load in the equation calculated based of GM data.
𝐹𝑟𝑜𝑎𝑑 𝑙𝑜𝑎𝑑 = 𝐹0 + 𝐹1 𝜈𝑥 + 𝐹2 𝜈𝑥 2
Where:
𝐹0 = 𝑙𝑏𝑓
𝐹1 = 𝑙𝑏𝑓/𝑚𝑝ℎ
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𝐹2 = 𝑙𝑏𝑓/𝑚𝑝ℎ2
The wheel angular velocities are then sent to the velocity kinematics subsystem,
which uses the angular velocity, body velocities, and steering angle to calculate the
velocity and slip ratio at each wheel. Figure 7 shows the wheel velocity block.

Figure 7: Converting vehicle speed and angular wheel velocity to longitudinal and lateral wheel velocities

The wheel slip is calculated using the equation below

𝜆=

𝜔𝑅 𝑟𝑑𝑦𝑛 − 𝜈𝑥
𝜔𝑅 𝑟𝑑𝑦𝑛

Where:
𝜔𝑅 = 𝑎𝑛𝑔𝑢𝑙𝑎𝑟 𝑠𝑝𝑒𝑒𝑑 𝑜𝑓 𝑡ℎ𝑒 𝑤ℎ𝑒𝑒𝑙
𝑟𝑑𝑦𝑛 = 𝑑𝑦𝑛𝑎𝑚𝑖𝑐 𝑟𝑜𝑙𝑙𝑖𝑛𝑔 𝑟𝑎𝑑𝑖𝑢𝑠
𝜈𝑥 = 𝑙𝑜𝑛𝑔𝑖𝑡𝑢𝑑𝑖𝑛𝑎𝑙 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦
The next part of the model is to sum all the forces in the body fixed frame, but
this can’t be accomplished without wheel normal forces, which comes from a weight
transfer model block. Figure 8 shows the longitudinal weight transfer calculation.
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Figure 8: Longitudinal Weight transfer subsystem

The lateral weight transfer block uses the anti-roll moment from springs, anti-roll
bar, suspended mass and unsuspended mass. The calculation of lateral weight transfer is
shown in the figures below.
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Figure 9: Lateral weight transfer block
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Now that the normal forces have been determined, the next block in the model
uses the normal forces, slip ratio, and slip angle at each wheel to determine the lateral and
longitudinal forces. This is all done using the Pacejka tire model shown below.
𝐹 = 𝐹𝑧 ∙ 𝐷 ∙ sin(𝐶 ∙ tan−1(𝐵 ∙ 𝑠𝑙𝑖𝑝 − 𝐸 ∙ (𝐵 ∙ 𝑠𝑙𝑖𝑝 − tan−1 (𝐵 ∙ 𝑠𝑙𝑖𝑝))))
Where:
𝐹𝑧 = 𝑛𝑜𝑟𝑚𝑎𝑙 𝑓𝑜𝑟𝑐𝑒 𝑜𝑛 𝑡𝑖𝑟𝑒
𝐵 = 𝑃𝑎𝑐𝑒𝑗𝑘𝑎 𝑠𝑡𝑖𝑓𝑓𝑛𝑒𝑠𝑠 𝑓𝑎𝑐𝑡𝑜𝑟
𝐶 = 𝑃𝑎𝑐𝑒𝑗𝑘𝑎 𝑠ℎ𝑎𝑝𝑒 𝑓𝑎𝑐𝑡𝑜𝑟
𝐷 = 𝑃𝑎𝑐𝑒𝑗𝑘𝑎 𝑝𝑒𝑎𝑘 𝑓𝑎𝑐𝑡𝑜𝑟
𝐸 = 𝑃𝑎𝑐𝑒𝑗𝑘𝑎 𝑐𝑢𝑟𝑣𝑎𝑡𝑢𝑟𝑒 𝑓𝑎𝑐𝑡𝑜𝑟
The Figure 10 shows the calculation and summation of all the lateral and
longitudinal tire forces in the body-fixed frame.

Figure 10: Calculation and summation of the lateral and longitudinal wheel forces

The sum of forces and moments that come out of this Pacejka block can then be
used to calculate the vehicle lateral velocities, longitudinal velocities, and the yaw rate.
Figure 11 shows the velocity calculation in the body fixed frame.
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Figure 11: Calculation of vehicles velocities based off longitudinal and lateral velocities

The equations used to calculate the lateral and longitudinal velocities are shown
below.
𝝂
𝝂

𝒙=∫

∑ 𝑭𝒙
𝑴𝒂𝒔𝒔

𝒚=∫

∑ 𝑭𝒚
𝑴𝒂𝒔𝒔

The velocities are then fed back to the beginning of the model to start the
calculations again. The body-fixed velocities are also converted to the inertial frame to
calculate vehicle position, so it can be displayed in relation to a start point.
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Figure 12: Vehicle driving animation

Powertrain Model
In order to actually utilize the vehicle dynamics model and to develop a
regenerative brake controller, a powertrain model had to be developed. The model is
made up the major components of the parallel-series hybrid powertrain, which includes a
GM LEA engine, two Bosch IMG motors, two hydraulic clutches, 8L90 transmission,
differential, and an A123 battery pack.
The first major component is the GM 2.4L Ecotec engine. The engine is
essentially made up of a lookup tables of torque curves vs. intake port flow and RPM.
The model feeds a pedal position and rpm into the engine model, which uses these values
in lookup tables to produce a torque value from the engine. Figure 13 and Figure 14 show
the engine model and the lookup tables.
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Figure 13: Engine model

Figure 14: Lookup tables for the engine

The next part in the powertrain is the Bosch Integrated Motor Generator (IMG),
which also uses a series of lookup tables to determine motor torque. The torque tables are
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based on voltage, RPM, and efficiencies of the motors. The desired torque by the driver is
saturated by the max torque available during motoring and regenerative braking. Figure
15 shows the motor configuration.

Figure 15: Bosch IMG subsystem, which is made up of lookup tables

In order to link the motors and engine together a series of clutches were used. The
clutches are modeled as Simscape friction clutches that are normally closed and opened
at 14 bar of pressure.
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Figure 16: Block for friction clutches between motors

Further down the powertrain is the 8l90 GM transmission and the 2.77 final drive
ratio differential. The transmission is made up of a Simscape torque converter, clutch
inertia and a variable speed gear box. The torque from the motor and engine is
transmitted through the transmission and then to a Simscape differential and then on to
the axles. Then the torques and velocities are fed into the vehicle dynamics model. Figure
17 shows the transmission model.

Figure 17: Transmission subsystem
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The final part of the powertrain is the A123 battery pack, which is comprised of a
lookup table based on voltage and current. The battery model calculates the power using
the current and voltage and subtracts out losses to internal resistance at a given current
draw. Figure 18 shows the overall layout of the battery model.

Figure 18: Battery model

Regenerative Brake Controller
The first part of the regenerative brake controller is to develop a floating pedal
regen for city driving. A floating pedal controller essentially provides regen as soon as
you let off the gas pedal and the amount of regen varies with speed, rpm, and the amount
of regen torque available at the given moment.

Figure 19: Regenerative braking subsystem
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The model feeds in desired torque, speed (mph), regen disable, ABS active, SOC,
RPM, and gear position. The desired torque request is based off throttle position and sent
to a linear lookup table that correlates the throttle position to a torque request. The speed
in miles per hour is read from on the wheel speed sensors. The regen disable button gives
the driver the ability to turn the regen on and off. ABS active is sent to the regen
controller to disable it under ABS braking situations. The SOC is sent in to disable
regenerative braking when the state of charge exceeds 99%. Finally, the gear position is
sent in to be used in controlling the regen. Figure 20 shows the pedal remapping.

Figure 20: Floating pedal regenerative braking

The desired torque is sent in and multiplied by current gear ratio and final drive
ratio to determine the desired wheel torque, which is sent into the pedal remapping
subsystem. The speed is sent into a subsystem to calculate a new zero point based on the
wheel torque required to maintain that speed.
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Figure 21: Zero point subsystem to remap pedal

The speed is also sent into a subsystem that uses a tanh controller to convert the
speed to a value between 0 and -40 to create a new minimum pedal position. The results
from the zero-point subsystem and min pedal position are sent into the pedal remapping
subsystem. There is also a series of fault cases to disable regen based on RPM, SOC, and
ABS activation. Figure 22 is the remapping subsystem.

Figure 22: Dynamic lookup table to generate a floating zero pedal map

As shown above the values are sent into a dynamic lookup table that continually
remaps the pedal based on speed. If the car is regening the corrected pedal will send out a
negative value that can be converted to a negative torque.
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Figure 23: Overall regenerative brake controller
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The remapped pedal is then sent back to the linear desired torque curve to pull out
a negative torque based on throttle position. The torque is sent through a series of toque
limiting lookup tables based on SOC and RPM. Before the torque is actually is applied it
is sent through a saturation based on calculated regen torque available.

Figure 24: Custom shift logic regen

In order to get the highest efficiency from the motors, a custom shift logic was
created. A signal from the pedal remapping subsystem is sent to shift schedule to tell the
controller that regenerative braking is active and to switch shift schedules. The shift
controller works by up shifting or downshifting based on the rpm range that is most
desirable for the motors. The key to recovering the most energy is keeping the motors in
their efficiency range, which is what the shift controller does by looking at motor rpm.
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Figure 25: State flow of shift logic

The next part of the regenerative braking was to integrate it into the brake pedal.
The same logic conditions were applied to the brake pedal regen, which means regen
disable, ABS, and SOC can disable regen braking. The brake pedal position was then sent
into a lookup table to determine the appropriate regen torque to apply. The brake position
is also used to trigger between floating pedal regen and regen by brake pedal. The
braking regen is also saturated by the calculated regen torque available.

Figure 26: Regen with brake pedal
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Model Validation
In order to prove the model, a zero to sixty comparison was done with data we
collected from the TRC testing facilities. The torque values from the TRC testing were
fed into the model and the velocities and times were graphed in relation to one another.
Figure 27 shows that model it pretty close with the exception of the initial launch of the
vehicle. These difference can partially be attributed to the Pacejka tire approximation.

Figure 27: 0-60 comparison for model validation

Vehicle Testing
Testing has been completed at TRC testing facilities and NASA’s shuttle launch
facilities. The testing at TRC was done previous to the implementation of the
regenerative brake controller, but the data from the testing was analyzed and used to
further validate the Simulink model. With the model validated, the regenerative brake
controller was created and implemented into the model.
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NASA’s shuttle launch facilities were used to test the regenerative brake
controller on the vehicle. The vehicle was driven up to eighty miles per hour and then the
driver let off the accelerator pedal, which causes regen through the floating pedal
controller. The vehicle was allowed to regen down to fifteen miles per hour, which
allowed for the collection of regen current, torque, gear position, and motor speed. The
slow-down from 80 to15 allowed for the vehicle to apply the regen shift logic to every
gear and for the driver to experience the jerk rates as the regen changed per each gear
shift. Rate limiters on regenerative brake torque were tuned to ensure a smooth and
comfortable deceleration rate for the driver. NASA’s facilities allowed for a significant
amount of tuning to be done to regen controller and the collection of a lot data to further
validate and tune the model.
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Chapter IV

Results
The data collected during testing proved that regenerative braking worked and the
results are similar to the modeled results of the regen controller. The graph shown in
Figure 28 is the acceleration pedal position from testing at Kennedy Space Center that
was fed into the model to compare the results.

Figure 28: Accelerator pedal position during deceleration

The main concern is the deceleration portion, where both the modeled and testing
data have essentially the same slope. The deceleration portion of the graphs uses the
custom regen shift logic, which worked in both the model and real world testing. Figure
29 is a velocity comparison between modeled regen and the regen at NASA’s facilities
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Figure 29: Velocity comparison between model and testing during regenerative braking

The vehicle speed gives a good visual to compare the modeled regen and testing
regen, but more important characteristics are regenerative braking torque, current, and
SOC. The graphs below show the current trace during regen from the model and data
collected from Kennedy Space Center. The graphs show that the max current achieved
during regen was within 7% of the modeled regenerative braking current. Not only is the
max current close, but the current trace follows a similar trend of current decrease. One
main difference is the actual car data includes torque cuts requested by the transmission,
which is not compensated for in the modeled regenerative braking.
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Figure 30: Modeled current trace vs. current trace from testing

The negative torque generated during regenerative braking is another good
parameter of comparison for the regenerative brake controller. The graphs below show
how the negative torque varies during a deceleration event. The max negative torque
achieved during testing is within 4.5% of the modeled negative regenerative braking
torque. Also both graphs show a similar torque trend, but with some differences do to the
transmission requesting torque cuts during testing.

Figure 31: Comparison of modeled regen torque and regen torque from testing
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Since the goal of regenerative braking is to charge the battery, an increase in state
of charge is could metric for measuring the quality of regen control logic. Figure 32
shows that there was 2% increase SOC during a single deceleration event from 120 Kph
to 20 Kph.

Figure 32: Graph of the 2% increase in SOC during testing as NASA's facilities

Finally, the regenerative braking algorithm was able to recover as a significant
amount energy while maintaining a comfortable deceleration rate. According to the
Bosch Automotive Handbook a max deceleration rate of 3m/s^2 is considered to be a
comfortable deceleration, so the controller was tuned to maintain a deceleration rate less
than or equal to 3m/s^2. Figure 33 shows the deceleration rate during the tested
deceleration event.
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Figure 33: Deceleration rate of the vehicle during regenerative braking from 130 kph to 20 kph

Comparative Analysis with and Without Shift Logic
Initially the regenerative brake controller was designed without a custom shift
logic, but initial simulation results showed that a shift logic was needed. The graphs
below show a velocity comparison using the same accelerator pedal map used in previous
testing.

Figure 34: The figure on the left shows the velocity obtained with shift logic and the figure on the right shows
without the shift logic
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The graphs show that car only slows to 85 kph without a shift logic because the
car isn’t downshifting and keeping the motors in a high enough rpm range. The shift the
logic not only effects the speed obtained, but the current and the torque generated. The
figures below show a torque comparison of the two regenerative brake methods.

Figure 35: Motor torque generated without a custom shift logic.
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Figure 36: Motor torque generated with custom shift logic

The figures show that the regenerative braking with a custom shift logic generates
a max torque 350 Nm, which over a 100 Nm greater than the regen without the shift
logic. Also the custom shift logic maintains torque greater than 150 Nm until the regen
controller fades out regen. The regen with standard shifting decreases steadily from 150
Nm to 50 Nm, which is far less torque than the custom logic. A decrease in torque
correlates to current generated by the motors. The graphs below show a comparison
between the current generated by the two methods.
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Figure 37: Regenerative braking current with standard shift logic

Figure 38: Current generated with a custom shift logic.

The figures show that the custom shift logic generated a max current of 200 amps,
which twice the max of the other shift schedule. Also the custom shift logic maintains a
current greater than 100 amps throughout the duration of the deceleration event. The
normal shift logic generates less than 50 amps throughout the decoration event. Due to
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the lack in current generated with the standard shift logic, there was only a small gain in
SOC.

Figure 39: The left figure shows the 2% gain in SOC from the custom shift logic and the right shows the .5%
gain in SOC with standard shift logic

The figures shown of the two shift logics make it evident that a custom shift map
needed to be created to get the most efficiency from regenerative braking. The shift logic
could be further tuned to get even better results.

Fusion Hydraulic and Regenerative Brake Pedal
Regenerative braking was also applied to the brake pedal to recover energy during
heavy braking situations. The same accelerator pedal from previous testing used and 40%
braking was applied when the accelerator pedal was released. This produced the velocity
curve shown below.
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Figure 40: Regenerative braking from 130 kph to 20 kph using brake pedal

The brake pedal regen effectively brings the vehicle to low speed and generates a
significant amount of current during that deceleration event. The current generated during
this braking event caused a 1% increase in SOC, which is quite significant for one
deceleration.

Figure 41: Current generated during brake pedal regenerative braking
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Figure 42: SOC increase during the braking event
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Chapter V

Conclusions, and Future Work
Conclusions
By developing a full car model that is comprised of a powertrain model, controller
and six-degree of freedom vehicle dynamics model, a regenerative braking controller was
able to be developed and tested on the Embry-Riddle’s Camaro. The regenerative brake
controller uses two different methods two recover energy during deceleration.
One of the methods used for regenerative braking was creating a floating pedal
regen system, which works by remapping the pedal to produce a negative pedal position
that correlates to a negative torque. This was accomplished using a dynamic lookup and
changing the zero point of throttle using the correlation between speed and wheel torque.
The new zero point is determined by running the current vehicle speed through a tanh
controller and multiplying by a negative gain and sending the value to the lookup table.
Once the regen torque is determined from the new pedal position, the torque is limited
based on regen torque available, current SOC, and motor rpm. The torque requested is
also sent through a rate limiter to control the rate of torque change and provide the driver
with a comfortable deceleration rate.
The floating pedal regenerative braking also utilizes a custom shift map designed
around the motor rpms and efficiencies. The custom shift logic utilizes the 8-speed
automatic transmission to keep the motors in their peak efficiency regions, which is
between 4000 rpm and 2000 rpm.
The other method used was regenerative braking through the brake pedal. This
controller uses brake pedal position and correlates it to a negative regen torque. Also
when the brake pedal is depressed, the floating pedal regen is canceled out and the car
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only regens off the brake pedal to provide a comfortable deceleration rate. The regen
braking will be disabled if the SOC is above 95%, ABS is active, regen disable button is
depressed, or if the car is in any other gear than drive.
Overall the regenerative braking controller worked effectively with the automatic
transmission in increasing the efficiency of the vehicle. In one 120 kph to 15 kph
deceleration the vehicle gained to 2% SOC. The results show that an effective
regenerative brake controller was developed for a rear-wheel drive parallel-series plug-in
hybrid electric vehicle with an 8-speed automatic transmission.

Future Work
If time permitted there are a few topics that would be recommended for further
investigation.
One topic for further investigation would be regenerative brake shift logic, which
is currently based purely on rpm and whether or not the rpm is decreasing or increasing.
It would be interesting to look at the rate of change of rpm and determine if the shift
needs to happen sooner to hit the rpm range and not overshoot the value. Based on some
of the results, there is a quick drop in rpm at the initial let off of the pedal. This generally
leads to a slight overshoot that could be compensated for by looking at the rate.
Another topic would be a mode based regenerative braking controller, where the
method of regen and amount of regen would vary depending the selected mode of the
vehicle. Currently the regenerative braking is built around using both the motors and the
engine is running. Having the engine running means the regenerative braking must be cut
off at 850 rpm, so the engine doesn’t stall. If the car was in all electric mode, the
regenerative braking could work all the way to 450 rpm, which is where the transmission
is no longer spinning fast enough to work. Also there is a possibly to disable floating
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pedal regen when the car is in sports mode and only use regen on the brake pedal to
increase the braking performance of the vehicle.
A final topic for further investigation would be regenerative brake control based
on dynamic vehicle parameters, such as yaw rate and wheel slip. The current controller
works well in straight line regen, but some analysis needs to be done on the effects regen
has on vehicle stability during cornering. Since the test vehicle for this controller is rearwheel drive excessive rear braking will certainly cause instability. A controller that
utilized weight transfer, yaw rates, and wheel slip could vary the amount of regen based
on a range of acceptable values for these parameters. This is definitely a topic that must
be investigated because the stability of the vehicle must not be compromised to can some
efficiency.
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